In-situ sol-gel method was used to prepare TiO 2 -coated silica foams by minimizing window (i.e., the part formed by the interconnection of pores) blocking caused from the aggregation of TiO 2 particles during the coating process. Specifically, the coating process employed was achieved by performing sol-gel reaction directly onto the surface of silica foams after penetrating precursor solution through the foams. EDX results showed that TiO 2 particles were evenly distributed onto the surface of inner pores in silica foams, indicating that the coating process employed is likely effective for the surface modification of silica foams with 3-dimensional pore network. Additional characterization tests were carried out to evaluate physical properties (pore structure, crystalline structure, specific surface area, permeability, and mechanical strength) of TiO 2 -coated silica foams according to heat treatment temperature (300-1100 C). The anatase phase started to appear at heat treatment temperature of 500 C and had maximum value at 700 C. TiO 2 particles tended to grow with increasing treatment temperature, leading to the change in relevant physical properties (i.e., the decrease in total and open porosity, specific surface area, and gas permeability, and the increase in closed porosity) due to the clogging of micropores (d p 2 mm); however, the mechanical strength was enhanced after TiO 2 coating with no significant change with heat treatment temperature.
Introduction
Porous materials is widely used in various industrial fields, such as heat insulating materials, catalytic supports, solid/ liquid separation filters, etc. [1] [2] [3] [4] [5] The physical property of porous materials widely varies according to their pore structure (e.g., pore size, porosity, pore morphology). Pores can be classified into two types: open and closed. Particularly, the extent of open pores is considered as an important factor for the filter 6, 7) as fluid permeability highly depends on the value. Hence, controlling the pore structure of porous materials is a very important process necessary for the application to filters.
TiO 2 is an environmental catalyst widely used in the photocatalyst area for water and air purification, [7] [8] [9] [10] solar cells elaboration, 11) and so on. When TiO 2 exists in anatase phase, it is known to have greater ability as a photocatalyst than rutile phase. [12] [13] [14] Recent studies have attempted to coat TiO 2 on various supports, such as ceramic monolith, 15) stainless steels 16) glass, 17) and ceramic foams. [13] [14] [15] Fixing TiO 2 particles onto the surface of supports has an advantage in catalyst loss and handling. Representative TiO 2 coating methods are a sol-gel dip-coating method, 7, 12, 18) an electrostatic spray deposition method, 19) a chemical vapor deposition method. 20) Among them, the sol-gel dip-coating method has been widely used due to the simple coating process. In addition, some researchers have attempted to coat TiO 2 particles on supports by impregnating them into the suspension prepared by the commercial product, Degussa P-25. 8, 14, 15) However, in case of foam supports with the pore size of tens of mm, the above methods are not likely suitable due to the aggregation of TiO 2 particles on the exterior surface which would lead to non-uniform coating layer and pore blocking. Hence, the research regarding methodological development to form regular TiO 2 coating layer by minimizing pore blocking caused by particle aggregation is needed.
In this research, in-situ sol-gel method was employed to regularly coat TiO 2 onto the surface of silica foams prepared by a mechanical foaming method and a gelcasting method. In addition, the physical properties (surface morphology, pore structure, crystalline structure, specific surface area, permeability, and mechanical strength) of TiO 2 -coated silica foams were systematically evaluated according to the heat treatment temperature to get an insight on the feasibility of coated foams as catalytic filters.
Materials and Methods

Preparation of silica foams
Silica foams were prepared via in the following procedure: slurry preparation using silica (SiO 2 , KorSil Co. Ltd., Korea), foaming, gelcasting, drying, and sintering. 5, 14) The slurry concentration was 45 vol% and the slurry was prepared by attrition milling for 3 h (Korea Development, Korea) with a dispersing agent of 3.5 mass% polyethyleneimine (PEI, Lupasol-HF, BASF Co. Ltd., Germany). 0.5 mass% anionic surfactant (sodium lauryl sulfate, Samchun Pure Chemical Co., Korea), then, was added as a foaming agent into slurry, followed by mechanical foaming of the slurry. 1.2 mass% epoxy (Nagase Chemicals Co. Ltd., Japan) was added into the foamed slurry as a gelation agent and then the slurry was gently mixed for 5 min. The prepared greenbody was dried for 24 h at 60 C. The dried greenbody was sintered at 1200 C for 2 h.
TiO 2 coating process
The most frequently used sol-gel dip-coating method for TiO 2 coating is conducted by first synthesizing TiO 2 particles via sol-gel reaction in precursor solution, followed by directly dipping ceramic foams in the solution. However, the coating process employed in this study was conducted by performing sol-gel reaction directly onto the surface of ceramic foams after penetrating precursor solution through foams. The TiO 2 coating procedure used in this study is described in detail in Fig. 1 . Specifically, titanium tetraisopropoxide (TTIP, Aldrich Chemical Co., USA) was used as precursor solution and dissolved into anhydrous alcohol (C 2 H 5 OH, Samchon, Korea). This solution was composed with the mole ratio of TTIP:C 2 H 5 OH as 1 : 30. The prepared silica foams were soaked into solution and vacuumed for 30 min at 0.1 bar condition to allow the solution to penetrate the inner pores. Then, nitrogen gas with no moisture was penetrated into the impregnated silica foams, followed by the penetration of nitrogen gas with 20 vol% of moisture to perform sol-gel reaction. All procedures were performed in the chamber with nitrogen environment at room temperature to avoid any contact from moisture in the air. After sol-gel reaction, the TiO 2 -coated samples were dried at 80 C for 4 h. The dried samples have undergone heat treatment for 1 h at the desired temperature with a rising rate of 3 C/min in an oxygen environment furnace.
Characterization of non-coated and TiO 2 -coated
silica foams An X-ray diffraction apparatus (XRD, DMAXIII, Rigaku, Japan) was used to determine the crystalline structure of TiO 2 coated onto silica foam surface and the employed 2 ranged from 22 to 30 . The surface morphology of coated-TiO 2 samples was examined using a scanning electron microscope (SEM, JSM-6300, JEOL, Japan) along with an electrondispersive X-ray spectroscopy (EDX) probe for microscopic elemental analysis. The specific surface area was measured by using ASAP 2010 (Micromeritics, USA) based on BET method. The pore size was determined by an image analysis method (Image-Pro Plus ver. 4.0, I&G Plus, USA) and a gas permeation method. 21, 22) The bulk density of non-coated and coated samples was calculated from the ratio of volume against the mass, and the true and apparent density was measured using helium pycnometer (Accupyc 1330, Micromeritics, USA). From these values, total, open, and closed porosity was calculated.
23) The samples with the size of 400 Â 30 Â 40 mm were prepared to measure the mechanical strength of samples via H25KS (Hounsfield, England). In order to determine the permeability of the samples, the samples with a diameter of 60 mm and a thickness of 6 mm were used, and the air was used as fluid. 22) 3. Results and Discussion
Silica foams and their physical properties
The pore structure of silica foams prepared in this study can be seen in Fig. 2(a) and our previous studies. 14, 22) The pore type was spherical, and the window defined as the connected part of pore and pore was confirmed to be welldeveloped. 14, 22) The average pore sizes determined from an image analysis method 21) and a gas permeation method 22) were about 150 and 50 mm, respectively. The difference is likely due to the fact that the image analysis method captures the pores on the cross-section of silica foams 21) while the gas penetration method measures the smallest part of continuous pores (i.e., window) influencing fluid transport in silica foams. 22) The total porosity of silica foams was determined to be around 81%, among which the open porosity was about 79%. In addition, the total porosity was classified into two parts: porosity induced from macropores (d p ! 10 mm) and micropores (d p 2 mm).
24) The results showed that macroporosity was about 75%, indicating that since there are many pores contacting with fluid the pore structure of silica foams is likely suitable for TiO 2 coating process employed in this study.
Effect of heating temperature on physical properties
of TiO 2 -coated silica foams 3.2.1 Surface morphology and pore structure
The TiO 2 particle distribution deposited onto the surface of the inner pore structure of silica foams was examined via EDX and the results are presented in Figs. 2(b) and 2(c) . The white dots on the black background in Fig. 2(c) represent the deposited Ti element, and Si element which was included in starting material for ceramic foams was also presented in Fig. 2(b) for the comparison. As shown in Fig. 2(c) , it was observed that many white Ti dots are evenly distributed onto the surface of inner pores in silica foams, indicating that the coating process employed in this study is likely more effective for the surface modification of ceramic foams with 3-dimensional pore network as compared to a dip-coating method. 19) In order to investigate the effect of heat treatment temperature on the surface morphology of TiO 2 -coated silica foams, the silica foams were heat-treated at two different temperatures (i.e., 300 C and 700 C) after coating process and the SEM images of TiO 2 -coated silica foams after heat treatment are presented in Figs. 2(d)-2(g) (i.e., 300 C (d) and (e) and 700 C (f) and (g)). From the SEM pictures, it was confirmed that there was no clogging of window at different treatment temperature and that TiO 2 particles were deposited around the windows. However, interestingly TiO 2 particle size at 300 C was smaller than that at 700 C (about 100 nm and 1 mm for 300 C and 700 C, respectively), indicating that the TiO 2 particles grew with increasing temperature. Figure 3(a) shows the trend for total, open, and closed porosity of TiO 2 -coated silica foams according to the heat treatment temperature. Total and open porosity tended to decrease with treatment temperature while closed porosity increased. As explained above, the trend is likely due to the clogging of micropores by the increase in TiO 2 particle size as heat treatment temperature increased (Fig. 3(c) ).
Specific surface area
Figure 3(b) shows the change of the specific surface area of TiO 2 -coated samples treated at different temperature. The specific surface area of the samples without heat treatment after TiO 2 coating was around 65.6 m 2 /g and the values gradually decreased with temperature with substantial decrease at the treatment temperature of 500 C. The trend can be attributed to the increase in TiO 2 particle size with temperature as described in section 3.2.1. and a previous study. 25) Furthermore, when the heat treatment temperature ! 800 C, the specific surface area of TiO 2 -coated silica foams was even lower than non-coated foams. This result can be explained by the reduction of micropores by pore clogging as the treatment temperature increased (Fig. 3(c) ). foams: the surface of inner pore structure (a), the distribution of Si (b) and Ti (c) elements onto the surface, and the inner pore morphology of TiO 2 -coated silica foams (d) and (f) and the coated TiO 2 particles (e) and (g) with different heat treatment temperatures (300 C for (d) and (e) and 700 C (f) and (g)).
Fig . 3 Variation of total, open, and closed porosity (a) and specific surface area (b) for TiO 2 -coated silica foams with different heat treatment temperatures. Note that the specific surface areas for non-coated and TiO 2 -coated (no heat treatment) silica foams were 2.8 and 65.6 m 2 /g, respectively. Figure 4 (a) describes the XRD patterns of TiO 2 particle coated onto silica foams after heat treatment at different temperatures. The peak associated with anatase phase started to appear at the heat treatment temperature over 500 C and increased up to 700 C; however, the anatase peak tended to decrease with treatment temperature when the temperature ! 700
Crystalline structure
C and there was a transition from anatase to rutile phase at the temperature range. In order to more quantitatively examine the change of crystalline phase with treatment temperature, the weight fraction of anatase phase was calculated by using the following equation. 19) f ¼ 1
Here, f is the mass ratio of anatase, I A and I R each is the first peak strength of anatase and rutile. The mass ratio of two phases calculated by this equation is presented in Fig. 4(b) . The results showed that the rapid reduction in mass ratio of anatase occurred in the temperature interval 700 C to 800 C, and later it was completely transitioned to the rutile phase at 1100 C. From the point with phase transition, there was rapid reduction of anatase mass ratio, but the anatase peak strength was observed until relatively high temperature of 1050 C. This trend is consistent with previous studies which reported that Si contents of raw materials restrict the formation of crystal structure of Ti-O-Ti at the temperature over 1000 C and thereby the transition of anatase to rutile phase was inhibited. 26, 27) 
Mechanical strength and permeability
In order to test the feasibility of TiO 2 -coated foams as catalytic filters, mechanical strength and permeability were evaluated. The Darcian permeability (k 1 ) was determined by the following equation. 28 )
where, ÁP is the differential pressure, ÁL the thickness of the tested sample, the viscosity of fluid, the fluid density, and v the superficial velocity. Figure 5 shows the change in gas permeability for TiO 2 -coated silica foams with different treatment temperature. The permeability for non-coated samples was determined to be about 770 Â 10 À13 m 2 , and the values gradually decreased with treatment temperature from 605 Â 10 À13 m 2 to 363 Â 10 À13 m 2 due to the reduction of open porosity after TiO 2 coating (Fig. 3(a) ). Considering the permeability of commercial filters being around 100 Â 10 À13 m 2 , TiO 2 -coated silica foams produced by the coating process employed in this research could be suitable as catalytic filters.
5)
The mechanical strength of non-coated silica foams was determined to be 2:3 AE 0:2 MPa while that for coated samples 4:1 AE 0:3 MPa. No significant change, however, was observed for the samples with different treatment temperatures. It is known that mechanical strength tends to be inversely proportional to porosity of ceramic foams; however this is not the case in this study. This trend might be due to the very small change in porosity (Fig. 3(a) ) which would be not enough to influence the change in mechanical strength. 29) 
Conclusions
TiO 2 was successfully fixed via in-situ sol-gel method onto the surface of silica foams prepared by a mechanic foaming and a gelcasting method. The coating method proposed in this study allowed us to prevent window blocking caused by the aggregation of TiO 2 particles during coating process. TiO 2 crystals in coated layers started to exhibit the anatase phase at heat treatment temperature of 500 C, and the maximum peak of anatase phase was observed at 700 C. TiO 2 particle size grew with increasing treatment temperature, leading to the clogging of micropores (d p 2 mm) and subsequent change in relevant physical properties (i.e., the decrease in total and open porosity, specific surface area, and gas permeability, and the increase in closed porosity). However, the mechanical strength was enhanced after TiO 2 coating with no significant change with heat treatment temperature. Findings from this study suggest that TiO 2 -coated silica foams prepared by the in-situ coating method could be applicable as catalyst supports or photocatalytic filters for environment purification as they possess excellent absorption capacity, thermal stability, and high permeability.
